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Abstract

Background. Amino acid PET with "®F-fluoroethyltyrosine ("F-FET) complements MRI to improve specificity of tumor
detection. We evaluated whether threshold-based volumetric metrics (TBRthres) provide complementary diagnostic
and prognostic information to single-voxel tumor-to-brain ratio maximum (TBRmax).

Methods. This retrospective single-institution study included 100 previously treated glioma patients (WHO Grade
2-4) who underwent "®F-FET PET/MRI (N=96) or PET/CT (N=4) following equivocal findings of tumor progression
versus treatment-related changes. Patients received 693.8+79.6 MBq of "®F-FET, with PET analysis based on the 20-40
minute averaged static sequence acquired post-injection. Diagnostic performance, reproducibility, and survival
associations were assessed using ROC analysis, intraclass correlation coefficients (ICC), and Cox proportional haz-
ards models.

Results. TBRthres map generation was highly reproducible (ICC>0.86) and significantly associated with overall
survival in univariate analyses (HR range: 3.07-4.45). Volumetric metrics demonstrated diagnostic performance com-
parable to TBRmax (AUC up to 0.91). TBRmax showed moderate correlation with tumor volume (R? = 0.35-0.40),
indicating partially overlapping but non-redundant information. In multivariate models adjusting for clinical covari-
ates, neither volumetric metrics nor TBRmax remained statistically significant. However, in models adjusting for
TBRmax, volumetricTBRthres metrics remained significantly associated with survival. Combined models improved
predictive performance at selected thresholds, particularly TBRthres > 1.6 (AUC 0.62 to 0.70, P=.009) and TBRthres
>2.0 (AUC 0.62 to 0.72, P=.019), with smaller improvement at TBRthres > 2.5.

Conclusion. Volumetric "®F-FET PET metrics provide reproducible measures of tumor burden with diagnostic and
prognostic performance comparable toTBRmax.They offer complementary information and, at selected thresholds,
modest incremental predictive value beyond TBRmax.

Key Points
e VolumetricTBRthres shows high reproducibility (ICC > 0.86).
¢ Volumetric metrics show diagnostic performance comparable to TBRmax.

e Combined models improve prognosis at selected thresholds.
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Importance of the Study

Amino acid PET, including with F-fluoroethyltyrosine
("®F-FET), is recommended as complementary to magnetic
resonance imaging (MRI) with the goal of increasing spec-
ificity of tumor detection. However, F-FET PET tumor-to-
brain ratio (TBR) metrics often rely on finding the maximum
single voxel TBR (TBRmax) as a key indicator of tumor
presence, which is resolution-dependent and may not
reflect total tumor burden. In this study, we evaluated
whether threshold-based volumetric PET metrics
(TBRthres) provide additional diagnostic and prognostic
information beyond single-voxel TBRmax. We demonstrate

Amino acid positron emission tomography (AA PET) is rec-
ommended by international working groups as a comple-
mentary imaging modality along with MRI for the
management of patients with glioma." AA PET leverages
increased amino acid transport in glioma cells, resulting in
high tumorto-background contrast and improved specificity
for viable tumor tissue, particularly in regions where MRI
findings are equivocal.>*This property makes AA PET a clin-
ically useful adjunct to MRI rather than a replacement.
Unlike "®F-FDG PET, amino acid tracers show low physiolog-
ical uptake in normal brain, supporting their clinical use for
distinguishing tumor progression of disease (POD) from
non-tumoral treatment-related changes (TRCs).>* However,
commonly used static PET metrics based on maximum and
mean uptake values may provide incomplete information
regarding the full extent of metabolically active tumor,®®
motivating the evaluation of volumetric approaches.
O-(2-"8F-fluoroethyl)-L-tyrosine (®F-FET) is the most widely
studied AA radiotracer in Europe and other countries®'? and
is under active application for FDA approval in the United
States.The biological basis of AA PET relies on L-type amino
acid transporter 1 (LAT1, SLC7A5), which is upregulated in
glioma cells to support protein synthesis and metabolic
demand,'*"® and "®F-FET uptake is therefore presumed to be
transported predominantly via this mechanism. However,
direct evidence for LAT1-mediated transport of AA PET trac-
ers in vivo remains limited, and a recent study found no
correlation between LAT1 expression and uptake of "®F-FET
or "C-methionine in infiltrating glioma in a subset of
patients.'® Despite this uncertainty, amino acid PET is
thought to occur independently of blood-brain barrier dis-
ruption,’” enabling AA PET tracers to detect metabolically
active tissue beyond regions of contrast enhancement.’®?°
Among the static metrics for '8F-FET PET interpretation,
the tumor-to-brain-ratio maximum and mean (TBRmax and
TBRmean) acquired from the 20-40 minute period after
injection are the most widely studied and utilized in clinical
practice.?’?? The TBRmax in particular is a key clinical bio-
marker but its binary (positive/negative) interpretation at
fixed thresholds may lack nuance for borderline values,
causing diagnostic uncertainty.?"* Importantly, LAT1 is
expressed in astrocytes, inflammatory cells, and endothe-
lial cells and can be detected in reactive tumor microenvi-
ronments after treatment.?*?” Following chemoradiotherapy
in glioma patients, ®F-FET PET can rarely show increased

that volumetric TBRthres mapping is highly reproducible
and provides diagnostic and prognostic performance com-
parable to TBRmax while capturing partially non-redundant
information related to tumor burden. Importantly, selected
volumetric thresholds provided modest incremental pre-
dictive value when combined with TBRmax, supporting a
complementary rather than universally superior role for
volumetric PET analysis in glioma imaging. These findings
support further prospective evaluation of integrated volu-
metric and single-voxel PET approaches for improving
clinical assessment of glioma patients.

uptake in treatment-related tissue changes, such as inflam-
mation, gliosis, or radionecrosis, in the absence of viable
tumor, leading to false-positive findings in a minority of
cases.>”® This overlap in PET avidity is largely driven by
high LAT1 expression in tumor cells, while reactive tissue
may contribute modestly through lower-level LAT1 expres-
sion or other mechanisms, providing a biological explana-
tion for the difficulty in distinguishing POD fromTRCs. It is
important to note that ®F-FET avidity may not exclusively
represent viable tumor tissue as "®F-FET uptake reflects
transport via LAT-1 and LAT-2 transporters.?3*'These trans-
ports are upregulated in tumor cells but also can be
expressed in non-neoplastic tissue.*>**We aim to improve
this discrimination by capturing not only intensity of
uptake but also spatial extent of "®F-FET avidity.

Besides reducing the quantitative tumor assessment to a
single voxel of data, TBRmax is inherently dependent on the
spatial resolution of the PET system and image postprocess-
ing protocols,* limiting the comparability of cutoff values
across institutions and scanner platforms.*® Single-voxel
measurements may fail to capture tumor heterogeneity and
are susceptible to image noise and varying focal uptake.
Furthermore, borderline TBRmax measurements seen in
clinical practice create diagnostic uncertainty, as binary
interpretation fails to reflect total tumor burden. Therefore,
incorporating volumetric parameters is increasingly recog-
nized to improve the reliability of PET interpretation in gli-
oma imaging.*®** In addition to efficacy assessment,
accumulating research has emphasized the prognostic value
of volumetric parameters in newly diagnosed gliomas,®°
as well as in recurrent settings.*>*' While most volumetric
studies to date have focused on a single threshold (com-
monly TBR > 1.6),%>%* comprehensive analyses and their
reproducibility across a range of clinically relevant thresh-
olds remain limited. Moreover, whether threshold-based
volumetric analysis provides incremental diagnostic and
prognostic value beyond single voxel TBRmax remains
unclear.

To attempt to address the limitations in "®F-FET PET inter-
pretation, we retrospectively analyzed 100 patients with
confirmed glioma who underwent simultaneous '8F-FET
PET/MRI to evaluate whether threshold-based volumetric
TBR maps (TBRthres maps) can enhance diagnostic moni-
toring accuracy and prognostic value compared to a single
voxel TBRmax value alone. We hypothesized that adding
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volumetric information defined by various TBRthres would
contain important diagnostic and prognostic information
superior to single-voxel TBRmax information. We assessed
inter-rater reproducibility, diagnostic performance across
TBR thresholds, and the prognostic relevance of volumetric
cutoffs.This single-institution U.S. study aims to establish a
clinically actionable framework that integrates tumor vol-
ume as an additional informative metric to improve the
reliability of "®F-FET PET in recurrent glioma assessment.

Methods

Study Population

Under expanded-access IND #150883, participants under-
went ®F-FET imaging after providing written informed con-
sent, with all procedures approved by the Indiana University
institutional review board (see Supplementary Data Section
for more details). '®F-FET PET/MRI was performed on 100
patients with known primary glioma following equivocal
brain MRI that raised concerns about whether the observed
changes indicated tumor relapse or were due to nonspecific,
non-tumoral TRC. PET imaging commenced as a result of
multidisciplinary conference discussions or when the pri-
mary neuro-based treating team in their clinical care did not
have a definitive diagnosis in further management of the
patient at that time. Imaging was interpreted by a
board-certified nuclear medicine physician and neuroradiol-
ogists. The final report was submitted to the PACS system
for incorporation into clinical care management. The out-
come, whether POD orTRC was determined by 1 of 2 meth-
ods: (1) pathologic confirmation (n=29), based on pathology
reports from subsequent surgery or biopsy, which served
as the reference standard; or (2) a minimum of 6-month
clinical and radiological follow-up (n=71), including
post-imaging treatment decisions, follow-up imaging find-
ings, and clinical notes on patient condition. All subsequent
imaging, clinical notes, and treatment decisions were then
subjected to a consensus panel that included 2 experienced,
board-certified neuroradiologists and one nuclear medicine
physician for outcome confirmation in the 71 patients (see
Supplementary Data for further details).

BF-FET PET

For the imaging study, a total of 100 patients underwent
scans after a 4-hour fast and bladder voiding. Of these, 96
patients were scanned using a 3T Biograph mMR Siemens
system, employing a gradient echo sequence with inversion
recovery preparation.The specific parameters for these MRI
scans were: repetition time (TR) of 1900 ms, echo time (TE)
of 2.81 ms, a flip angle of 15°, an acquisition matrix of 256
x 256, and single excitations. The remaining 4 patients
underwent "®F-FET PET/CT scans on a Biograph 128 Vision
600 Edge scanner.The CT parameters included: 120 kVp, 33
mA, 59 mAs, 1000 ms exposure time, and a 500 mm recon-
struction diameter, with images reconstructed using a
medium smooth kernel (H38s). Prior to imaging, all 100
patients received an intravenous bolus of 693.8+79.6 MBq

(18.7+2.2 mCi) (median: 698.6 MBq, range: 284.9 MBq -
876.9 MBq) of '®F-FET, followed by a saline flush. The PET
data were collected continuously from injection to 40 min-
utes in list mode, allowing retrospective binning for recon-
struction of static images over any given time frame. Only
the 20-40 minute static frame was used for analysis of TBRs.
In 3 patients who could not tolerate full acquisition, a shorter
static interval of 27.5-32.5 minutes was used. In all cases
included, the shorter acquisition was diagnostic.

Retrospective Imaging Analysis

Following outcome determination of POD orTRC, the static
20-40 minute "®F-FET PET sequence was submitted for a ret-
rospective analysis for lesions of interest volume delinea-
tion. The analysis was independently performed by 3
researchers with varying levels of clinical expertise: a
board-certified neuroradiologist, an imaging analyst, and a
third-year medical student. For each case, the 20-40-minute
attenuation-corrected static PET sequence was co-registered
with either contrast-enhanced axial T1-weighted MRI or CT
to produce fusion images and confirm tumor localization
(Figure 1A). All analyses were conducted using a custom
workflow in MIM Software® v7.4. Within the workflow, a 1
cm diameter spherical volume of interest (VOI) was first
placed within the region of highest PET uptake localized
using the SUVmax finder tool (1B), with a corresponding
much larger curvilinear VOI placed in the contralateral nor-
mal brain to calculate the single voxel tumor-to-background
ratio maximum (TBRmax) (Figure 1C). Whole brain TBR
maps were then generated, and a second, larger VOI was
then placed over the entire area of interest to ensure capture
of the highestTBRmax value (1D).The PET/MR fusion is also
included for reference. TBRmax volumes were then delin-
eated across the interrogated TBRthres (>1.6, >2.0, >2.5, >3.0,
>3.5, > 4.0, 4.5, and >5.0) (Figure 1E). (This MIM workflow
can be made available upon request.)

Data Analysis

To assess inter-rater reliability of capturing TBRthres maps,
intraclass correlation coefficients (ICC) were calculated
using a 2-way mixed-effect, single-rater model (ICC [3,1]).%
For each patient, each TBRthres map result was averaged
across all 3 raters to generate final volume estimates.The
diagnostic performance of both volumetric and single
voxel conventional PET metrics in predicting 6-month out-
comes was evaluated using receiver operating character-
istic (ROC) analysis. The prognostic value of volumetric
TBRthres metrics and single-voxel TBRmax was evaluated
using Cox proportional hazards regression models.
Kaplan—Meier survival analysis was performed by stratify-
ing patients based on a givenTBRthres map that exceeded
an optimal cutoff determined from ROC curves and com-
pared with patients with aTBRthres map result below these
thresholds. To assess incremental predictive value, ROC
analyses were performed comparing models based on
TBRmax alone versus combined models incorporating
bothTBRmax and volumetric parameters, with AUCs com-
pared using DeLong’s nonparametric test for correlated
ROC curves.®
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Figure 1. Step-by-step TBRthres MIM Workflow. (A) PET and MR images are imported into the MIM workflow and fused for anatomic guidance.
(B) SUVmax is identified within the lesion of interest using the SUVmax finder tool. (C) A 10 mm diameter ROl is placed over the SUVmax region
and a larger curvilinear ROl is placed over the contralateral non-diseased brain to estimate normal brain SUVmean. The lesion SUVmax and normal
brain SUVmean are used to calculate the tumor-to-brain ratio maximum (TBRmax). (D) A whole-brain TBR map is generated, and a larger 3D volume
of interest (VOI) is placed to encompass the lesion. (E) Multiple TBR thresholds are applied to generate corresponding metabolically active tumor
volumes.
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Results

Demographics

The study population consisted of 100 patients (68 men,
32 women) with primary glioma imaged during clinical
care at a single U.S. institution between 2020 and 2023.The
patients underwent either "®F-FET PET/MRI (n=96) or
"BF-FET PET/CT (n=4, due to MRI contraindications) after
surveillant imaging on the immediate prior MRl showed
equivocal evidence for POD or TRC. Prior to the FET PET/
MRI, all patients received some combination of surgical
resection, radiation, or temozolomide and 82 received the
Stupp protocol.Therapies prior to "®F-FET PET are summa-
rized in SupplementaryTable S5. Most gliomas were supra-
tentorial (n=97) with balanced laterality (left=42, right=58).
Summary of patient demographics, tumor characteristics,
treatment histories, and clinical outcomes are represented
inTable 1.

Reproducibility of Tumor Volumes and TBRmax

In accordance with the emphasis on inter-rater reproduc-
ibility in guidelines, the assessment of TBRthres maps
demonstrated strong inter-rater reliability across various
thresholds among 3 independent readers. Using an
Intraclass Correlation Coefficient (ICC (3,1)), agreement
was observed forTBR > 1.6 (ICC=0.941, 95% Cl, 0.919-0.958),
and multivoxel TBR > 5.0 (ICC=0.951, 95% Cl, 0.888-0.982),
representing the highest concordances within the mea-
sured range. Good to excellent reliability was consistently
maintained for intermediate TBR thresholds, including
multivoxel TBRthres > 2.0 (ICC=0.877, 95% Cl, 0.832-0.912),
TBRthres > 2.5 (ICC=0.921, 95% Cl, 0.888-0.945), TBRthres
> 3.0 (ICC=0.931, 95% Cl, 0.901-0.954), and TBRthres > 3.5
(ICC=0.920, 95% CI, 0.875-0.951). While a slight trend
toward decreased reliability was noted at higher TBR
thresholds (TBRthres 4.0: ICC=0.886, 95% Cl, 0.800-0.941),
overall agreement remained strong. The conventional
single-voxel TBRmax measurements also exhibited excel-
lent inter-rater reliability (ICC=0.907, 95% Cl, 0.873-0.933).

Inter-reader correlation analysis demonstrated strong
agreement for bothTBRthres maps and single-voxel TBRmax
metrics (Supplementary Figure S1). Individual reader mea-
surements forTBRthres maps at >1.6, >2.0, and >2.5 consis-
tently showed high correlation with the average reader
values.This was evidenced by high coefficients of determi-
nation (R? = 0.960 forTBRthres > 1.6 (Supplementary Figure
S1A), 0.917 forTBRthres > 2.0 (Supplementary Figure S1B),
and 0.949 for TBRthres > 2.5 (Supplementary Figure S1C).
Similarly, single-voxel TBRmax measurements exhibited
strong inter-reader correlation (R? = 0.935, Supplementary
Figure S1D).The precisely estimated linear regression lines
and narrow 95% confidence intervals across all panels high-
light the reproducibility of these measurements. The insets
further confirm this strong agreement, even for smaller
lesions and lower TBRthres values. While some variability
in individual volume measurements was observed, partic-
ularly for larger tumors, TBRthres measurements showed

Table 1. Summary of demographic, tumor, treatment characteristics,
and outcomes of 100 primary glioma patients who underwent
18E-FET PET.

Demographics

Age at FET (years), 58 (18-77)
median (range) (y)

Male/female 68/32
Race/Ethnicity White/Caucasian 93

Black/African-American

Hispanic/Latinx 3

Asian 1

Tumor
characteristics

WHO 2021 Glioblastoma, IDH-wildtype 70
Grade/Type (WHO Grade 4)
Astrocytoma, IDH-mutant 20
(WHO Grades 2-4)
Oligodendroglioma, 6
IDH-mutant (WHO
Grades 2-3)
Other/unspecified 1/3
IDH status (n =96) Wild type/mutated 73%/27%
MGMT status Unmethylated 50%
(n=78)
Methylated 43%
Low level methylation 6%

Treatment history

Prior interventions  Biopsy only 13
Resection 87
Radiation therapy 98
Chemotherapy 97
Temozolomide 93
Lomustine 16
Bevacizumab 13
Adjuvant temozolomide 85, 4 (5)
cycles, median (mean)

Time from surgery 303

to FET, median (15-5,936)

(range) (d)

Time from 305

radiation to FET,
median (range) (d)

(22-1,899)

Disease outcome
and assessment

Diagnosis Progression of disease 76
of ®F-FET PET

Treatment-related changes 24
6-month Histology 29
determination

Clinical follow-up/imaging 71
6-month diagnosis  Progression of disease 76

Treatment-related changes 24

tight concordance with minimal data scatter around the
regression line.
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Figure 2. Correlation of single voxel TBRmax with increasing
tumor volume. The scatter plot illustrates the correlation between
TBRmax and TBRthres. Tumor volumes were quantified based on
regions exceeding a TBRthres > 2.0 (circles) and a TBR threshold
of 2.5 (squares). Solid lines show the linear regression for each
dataset. Each point represents an individual lesion.

Correlation of Single-Voxel TBRmax and
Tumor Volume

To thoroughly understand the interplay between high

tumor activity and the overall extent of active tumor bur-

den, we investigated the correlation between 2 single-voxel

TBRmax units (TBRmax > 2.0 andTBRmax > 2.5) and 2 vol-

umetry thresholds (TBRthres > 2.0 and > 2.5) (Figure 2).
Consistent with the understanding that the magnitude of
radiotracer uptake may correlate with the regional quantity
of active tumor cells, single-voxel TBRmax thresholds
demonstrated a statistically significant, moderate positive
correlation with TBRthres > 2.0 (Pearson’s r=0.59, R? = 0.37,
P<.0001) and > 2.5 (Pearson’s r=0.63, R? = 0.42, P<.0001).
These findings indicate that while higher single voxel
TBRmax is associated with larger PET volumes, these met-
rics capture distinct yet complementary aspects of tumor
characteristics. The observed R? values, suggesting that sin-
gle voxelTBRmax accounts for only 35%-40% of the variance
in these volume measurements, indicate that each metric
provides unique information for comprehensive tumor
assessment.

Threshold-Dependent Diagnostic Performance of
Single-Voxel-Based TBRmax

To quantitatively assess the diagnostic performance of sin-
gle voxel TBRmax in distinguishing POD from TRC,
threshold-dependent sensitivity and specificity for POD
were evaluated across a continuous range of single-voxel
TBRmax values (Supplementary Figure S2). As single voxel
TBRmax thresholds increased, sensitivity decreased while
specificity increased, reflecting an inverse sigmoidal rela-
tionship between the 2 measures. At lower thresholds
(TBRmax 1.6-1.8), sensitivity was near maximal, but speci-
ficity remained below 20%, indicating limited ability to
exclude TRC. Specificity improved with increasing thresh-
olds and reached approximately 96% at single voxel TBRmax
values > 3.8, though a small number of false positives
remained. Nonlinear regression modeling showed strong
fits for both sensitivity (R? = 0.9992; IC_; ~ 3.5) and specificity
(R?=0.9954; IC_, ~ 2.2), representing the single voxel TBRmax
thresholds at which each metric reached 50% of its respec-
tive dynamic range. The point at which sensitivity and

Figure 3. Comparative diagnostic performance of static "F-FET
PET metrics for predicting six-month outcomes in glioma patients.
Receiver operating characteristic (ROC) curves illustrate the diag-
nostic utility of various ®F-FET PET parameters in differentiating
POD from TRC at six months post-treatment. The analysis compares
tumor volumes defined by varying TBRthres (> 1.6, > 2.0, > 2.5, > 3.0,
and > 3.5) against single-voxel TBRmax. The plot displays sensitivity
versus 100% minus specificity. The diagonal dashed line represents
no discrimination (AUC = 0.5). Diagnostic performance is compared
across metrics, with the highest accuracy achieved by
TBRthres > 2.0.

specificity most closely converged occurred at single voxel
TBRmax 2.9, suggesting this may represent a threshold zone
with relatively balanced diagnostic performance under the
conditions observed in this cohort.

Diagnostic Performance of Volumetric and
Conventional PET Metrics for Six-Month Outcomes

To evaluate the diagnostic utility of TBR metrics in differen-
tiating POD from TRC, we performed ROC analysis with
6-month post-treatment clinical outcomes or pathology as
a ground-truth standard (Figure 3). This analysis assessed
the predictive ability of various volumetric TBRthres maps
and the single-voxel TBRmax. Among all evaluated metrics,
the volume delineated by aTBRthres > 2.0 demonstrated the
highest diagnostic accuracy, achieving an AUC of 0.905 with
an optimal cutoff volume of > 2.1 mL. However, all tested
thresholds achieved high accuracy comparable to
single-voxel TBRmax at the optimal referenced volumes.
After 6-month follow-up or pathologic confirmation, TBRmax
FET imaging diagnosis accuracy was 88% for differentiating
POD from TRC (4 false-negatives, 8 false-positives).
Supplementary Table S3 includes comparative diagnostic
performance of FET-PET TBRmax and volumetric TBRthres
in predicting 6-month outcome.

Prognostic Significance of Volumetric
Tumor Burden

To determine the prognostic significance of variousTBRthres
maps derived from "F-FET PET imaging, we conducted
Kaplan—-Meier survival analyses and Cox proportional haz-
ards modeling. Across all evaluated volumetric thresholds
of 1.6, 2.0, >2.5, and >3.0, patients with volumes exceeding
the respective cutoff values demonstrated significantly
reduced overall survival compared to those with subthresh-
old volumes (Figure 4A-D). The TBRthres > 2.0, using an
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optimal cutoff of 2.1 mL, exhibited the strongest prognostic
performance. Patients with tumor volumes equal to or
greater than 2.1 mL had a median survival of 496 days,
whereas the median survival of those with volumes below
this threshold was not reached during the follow-up period
(> 1728 days) (Figure 4B), indicating a durable survival ben-
efit in the lower-burden group. The Cox model revealed a
hazard ratio (HR) of 4.45 (95% Cl, 2.16-9.17; P<.0001), reflect-
ing an over 4-fold increased risk of death in patients with
higher TBRthres volumes (Supplementary Table S4).
Similarly, TBRthres > 1.6 (cutoff 11.7 mL), > 2.5 (cutoff 1.4 mL),
and > 3.0 (cutoff 0.16 mL) were each significantly associated
with reduced survival, with HRs of 3.59, 3.10, and 3.07,
respectively (all P<.001) (Figure 4A, C, D, Supplementary
Table S4). In contrast, single-voxel-based TBRmax metrics
demonstrated lower prognostic utility. Using a single-voxel
TBRmax threshold of >2.8, patients with higher values had
a median survival of 514 days, whereas those below this
threshold survived beyond the study period (MS > 1,728
days) (Figure 4E). The associated HR was 2.30 (95% ClI,
1.18-4.47; P=.0143), which, while statistically significant, was

lower in magnitude and less discriminatory than the volu-
metric thresholds (SupplementaryTable S4). However, when
adjusted using Bonferroni correction, TBRmax 2.8 failed to
reach the threshold for statistical significance (P>.0083). A
separate dichotomization at single-voxel TBRmax > 2.5
yielded a median survival of 522 days for the high group
and > 1728 days for the low group, with an HR of 2.65
(P=.0114) (Figure 4F).

In univariate Cox analysis (Supplementary Table S5A), all
volumetric thresholds demonstrated significant associations
with overall survival, whereas TBRmax showed a compara-
tively lower effect size. However, these findings alone do not
establish superiority but rather indicate comparable prognos-
tic capability at the univariate level. To further evaluate inde-
pendence and potential incremental value, multivariate Cox
models were constructed using 2 complementary adjustment
strategies (Supplementary Tables S5B and S5C). When
adjusted for clinical covariates (age, sex, tumor type, time from
surgery to imaging, and chemotherapy exposure), neither
volumetricTBRthres metrics norTBRmax remained statistically
significant predictors of overall survival (SupplementaryTable

Figure 4. Kaplan-Meier survival analysis based on TBR metrics. Overall survival probability over time is shown for patient cohorts, stratified by
optimal thresholds of various TBR metrics (including TBRthres map volumes and single-voxel TBRmax values), all derived from ROC curve analysis
presented in Figure 5. (A) Survival curves stratified by the TBRthres > 1.6 volume cutoff (>11.7 mL vs. < 11.7 mL). (B) Survival curves stratified by the
TBRthres > 2.0 volume cutoff (>2.1 mLvs. <2.1 mL). (C) Survival curves stratified by the TBRthres > 2.5 volume cutoff (>1.4 mLvs. <1.4 mL). (D) Survival
curves stratified by the TBRthres > 3.0 volume cutoff (>0.2 mL vs. <0.2 mL). (E) Survival curves stratified by the single-voxel TBRmax cutoff (>2.8 vs.
<2.8). (F) Survival curves stratified by the single-voxel TBRmax cutoff (>2.5 vs. <2.5). X-axis, days after '®F-FET PET/MRI or PET/CT diagnosis; Y-axis,
Probability of Survival; MS, median survival; HR, hazard ratio. Corresponding statistical analysis is presented in Supplementary Table S4.
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Table 2. Comparison of predictive performance of AUC for TBRmax
alone versus combined models incorporating TBRmax and
threshold-specific volumetric "®F-FET PET metrics.

Predictor AUCTBRmax AUC combined P-value
(TBRmax+TBRthres)

TBRthres> 1.6 0.6155395 0.7000805 .0094013

TBRthres>2.0 0.6155395 0.7155797 .0193566

TBRthres>2.5 0.6155395 0.6706924 .0346961

TBRthres >3.0 0.6155395 0.6797504 2175744

S5B), indicating that prognostic associations are influenced
by underlying clinical factors, as expected. In contrast, in mul-
tivariate models adjusting specifically for TBRmax
(Supplementary Table S5C), all volumetric TBRthres metrics
remained significantly associated with overall survival across
thresholds (HR range: 3.19-5.56; P<.01). This finding demon-
strates that volumetric metrics capture prognostic information
that is not fully explained by single-voxel TBRmax, supporting
their non-redundant contribution.

To directly test whether volumetric metrics provide incre-
mental predictive value beyond TBRmax, ROC analyses
were performed comparing models based onTBRmax alone
versus combined models incorporating both TBRmax and
volumetric parameters (Table 2).The addition of volumetric
metrics resulted in a statistically significant improvementin
predictive performance at selected thresholds. Specifically,
inclusion of TBRthres > 1.6 (volume cutoff 11.7 mL) increased
AUC from 0.62 to 0.70 (P=.009), while TBRthres > 2.0 (vol-
ume cutoff 2.1 mL) increased AUC from 0.62 to 0.72 (P=.019).
TBRthres > 2.5 (volume cutoff 1.4 mL) yielded a smaller but
statistically significant improvement (AUC 0.62 to 0.67,
P=.035) (Table 2). In contrast, TBRthres > 3.0 (volume cutoff
0.16 mL) did not demonstrate a statistically significant
improvement (AUC 0.62 to 0.68, P=.218) (Table 2).
Collectively, these findings suggest that volumetricTBRthres
metrics may provide complementary prognostic informa-
tion toTBRmax at selected thresholds, although the magni-
tude of improvement varied across thresholds.

Discussion

AA PET is increasingly being incorporated into clinical
practice in various countries?'*¢ and, recently, the PET-based
response assessment criteria for diffuse gliomas
(RANO-PET 1.0) was published for inclusion of AA PET into
clinical trials.®” Within RANO-PET 1.0 an important compo-
nent of response assessment is the inclusion of percent
change in PET-based tumor volume. In addition, studies
have shown that AA PET volumes often exceed the volume
of contrast enhancement.?” Finally, it was already shown
that glioma resection using "®F-FET PET is significantly cor-
related with improved prognosis.“ Despite this, few stud-
ies have performed a thorough assessment of volumes
derived from variousTBR thresholds.Therefore, the aim of
this study was to determine to what degree volumetric
"8F-FET PET TBRthres metrics can provide clinically useful
information in a quantitative manner in patients with

primary malignant glioma within a range of treatment reg-
imens and timelines as often encountered in the clinical
care domain. For these cases, complementary TBRthres
mapping improved clinical confidence in recognizing POD
from TRC. Overall, consistent among readers of varying
expertise, provide parallel value in delineating POD from
TRC, are not highly correlated with single-voxel TBRmax
values, and carry potentially important prognostic value.

The first question we studied was the degree to which
TBRthres maps could be constructed using readily available
clinical software and a simple workflow that could be feasi-
bly implemented without nuclear medicine credentialing
(Neuroradiologist, imaging analyst, and medical student).
The inter-rater reliability analysis demonstrated reproduc-
ibility across 3 independent researchers of varying clinical
experience across all TBRthres volumes from >1.6 through
>5.0 (ICC > 0.86). These findings suggest that manual volu-
metric workflow is reasonably reproducible across readers
with varying clinical expertise. Notably, inter-rater reliability
reached ICC of 0.951 for TBRthres > 5.0, and 0.941 for
TBRthres > 1.6, demonstrating good concordance even at
the lowest and highest measured TBRthres volumes.
Furthermore, a strong linear correlation between individual
reader measurements and averaged values for both
TBRthres and single-voxel TBRmax highlights the strength
of the volumetric analysis method across different readers.
The average time to completion of the workflow was approx-
imately 5 minutes, including manual VOI selection of the
tumor region of interest and contralateral control region.
The simple criteria used in this workflow indicate that an
automated or semi-automated analytic tool can be devel-
oped to reduce analysis time while maintaining reproduc-
ibility of the technique which will be the focus of future work.

The second question assessed was the relationship
between single-voxel TBRmax and TBRthres maps of the
same cutoff. Although higher single-voxel TBRmax values
were significantly correlated with largerTBRthres volumes,
this metric explained only 35%-40% of the variance, indicat-
ing that these measures reflect overlapping but fundamen-
tally distinct biological features.The remaining 60%-65% of
unexplained variance likely arises from tumor-intrinsic fac-
tors not captured by a single point of peak uptake, such as
histological grade, molecular subtype, spatial heterogeneity
in cellularity and metabolism, and microenvironmental
influences, including hypoxia, necrosis, and vascular archi-
tecture. This divergence is biologically and clinically mean-
ingful: while single-voxel TBRmax helps localize the
“hotspot” (for a voxel whose size may actually be smaller
than the volumetric resolution of the camera), it may fall
short in representing the full spatial complexity and burden
of disease. In contrast, TBRthres maps may assist with pro-
viding a more integrated view of tumor extent and hetero-
geneity. This discrepancy reinforces the need for
multi-parametric imaging in glioma assessment,**° where
reliance on a single voxel-based metric risks oversimplifying
complex disease biology.

In primary glioma assessment, “borderline cases” pose
an uncertainty in evaluating tumor relapse from nonspecific
treatment changes.Therefore, the third question focused on
diagnostic performance: specifically, how different values
of single-voxel TBRmax thresholds affect the sensitivity and
specificity for distinguishing POD from TRC, particularly in
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“borderline” or equivocal cases. Using a relatively homo-
geneous imaging dataset (N=96 scans) from a cohort of 100
patients, we found that the optimal diagnostic performance
was achieved at single-voxel TBRmax thresholds between
2.3 and 2.6, marking an optimal clinical decision-making
window where the tradeoff between early detection and
diagnostic confidence is most effectively balanced. However,
diagnostic accuracy remained imperfect, especially within
a broader diagnostic window ranging from 1.8 to 3.8, reflect-
ing the intrinsic limitations of relying solely on single-voxel
TBRmax for dichotomous clinical decisions. These findings
highlight the need to consider other image analysis metrics,
such as volumes at given threshold to refine discrimination
between POD and TRC and enhance the confidence of clin-
ical decision making.

Our study demonstrates that volumetric '®F-FET PET
TBRthres metrics provide reproducible and clinically inter-
pretable measures of tumor burden, with prognostic asso-
ciations comparable to those obtained using single-voxel
TBRmax. Although our original hypothesis proposed that
volumetric metrics would demonstrate superior diagnostic
and prognostic utility compared with TBRmax alone, the
present findings instead support a more nuanced interpre-
tation. Specifically, volumetric metrics showed largely com-
parable standalone performance but provided modest,
threshold-dependent incremental prognostic value when
combined withTBRmax, supporting a complementary rather
than universally superior role.

Importantly, our results clarify that volumetric metrics
should not be interpreted as universally superior toTBRmax,
but rather as complementary measures that capture distinct
aspects of tumor biology. At the univariate level, both volu-
metric and single-voxel metrics demonstrated significant
associations with survival, showing prognostic relevance of
amino acid PET-derived metrics, includingTBRmax and volu-
metric parameters. However, such comparisons do not
address whether these metrics provide overlapping or inde-
pendent information.To address this, we performed multivar-
iate analyses using 2 distinct adjustment strategies. When
adjusted for clinical covariates, neither volumetric metrics nor
TBRmax remained statistically significant predictors, indicat-
ing that both imaging-derived measures are influenced by
underlying patient and disease characteristics. This finding
highlights the importance of interpreting imaging biomarkers
within the broader clinical context. In contrast, when adjusting
specifically for TBRmax, volumetric TBRthres metrics
remained significantly associated with overall survival across
all evaluated thresholds. This demonstrates that volumetric
parameters capture prognostic information that is not fully
represented by single-voxel intensity measures, supporting
a non-redundant biological contribution.To directly evaluate
incremental value, we compared predictive models based on
TBRmax alone versus combined models incorporating volu-
metric parameters. These analyses revealed that volumetric
metrics provided statistically significant improvements in
predictive performance at selected thresholds, particularly
TBRthres > 1.6 and > 2.0, with smaller improvement observed
atTBRthres > 2.5, while no significant improvement was iden-
tified atTBRthres > 3.0.This threshold-dependent pattern sug-
gests that intermediate volumetric thresholds may better
capture clinically relevant metabolically active tumor burden
than either very low or highly restrictive thresholds. However,

the observed improvements in predictive performance were
modest and should be interpreted cautiously given the retro-
spective single-institution design and limited sample size. This
threshold-dependent effect is a key finding and explains why
volumetric metrics may appear equivalent to TBRmax when
evaluated in isolation. From a biological perspective, this dis-
tinction is plausible. Single-voxel TBRmax reflects the point
of maximal tracer uptake, whereas volumetricTBRthres maps
incorporate the spatial extent of metabolically active tumor.
The moderate correlation observed between these measures
(R? =~ 0.35-0.40) further supports that they capture overlapping
but distinct features of tumor biology. From a clinical stand-
point, these findings suggest that volumetric PET metrics may
provide added value in specific contexts, particularly when
optimized thresholds are applied, rather than serving as a
universal replacement forTBRmax. Given the additional time
and complexity required for volumetric analysis, its routine
implementation should be guided by demonstrated incre-
mental benefit, as observed in selected thresholds in this
study. Taken together, our results support a model in which
volumetric and single-voxel PET metrics provide complemen-
tary, partially independent information, with incremental
prognostic value that is dependent on threshold selection and
clinical context.

Several limitations of this study warrant discussion. First,
despite high reproducibility, TBRthres associated volumes
are inherently sensitive to the placement of contralateral
reference regions, which may introduce variability, particu-
larly in cases with asymmetric background uptake or under-
lying white matter abnormalities. Utilizing minimum
TBRthres volumes (ie the oft cited 1.6 mm? area) rather than
single voxels for reference uptake estimation may help mit-
igate this issue. Second, this was a retrospective study con-
ducted at a single institution using uniform imaging protocols
that routinely apply single voxe TBRmax and TBRmean val-
ues to the final report, which may limit generalizability.
Further prospective validation studies are needed to confirm
and refine the diagnostic and prognostic utility of these vol-
umetric PET thresholds. Third, while we focused on TBR
thresholds and volumes, integration with molecular and
histopathological features, such as isocitrate dehydrogenase
mutation status or O-6-methylguanine-DNA methyltransfer-
ase promoter methylation may further refine predictive mod-
eling. Additionally, relying on clinical judgment as the gold
standard introduces subjectivity into outcome assessment,
as the ground truth relies on multifactorial data rather than
an absolute measure. Even pathologic analysis is not always
as straightforward as a gold standard.>'*? If a patient had the
lesion surgically resected (or) underwent other treatment
changes after the PET, this could have contributed to
improved overall survival in some cases. This limitation is
inherited from the clinical care domain. Finally, as volumetric
analysis becomes more integrated into clinical practice,
developing validated automated tools and image harmoni-
zation protocols will be critical to minimize operator depen-
dence and enhance reproducibility across institutions.

Conclusion

Threshold-based volumetric analysis of "®F-FET PET pro-
vides a reproducible measure of metabolically active tumor
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burden and demonstrates diagnostic and prognostic per-
formance comparable to single-voxel TBRmax. Volumetric
TBRthres metrics capture complementary information that
is not fully reflected by TBRmax and, at selected thresholds,
provide modest incremental predictive information for mor-
tality risk stratification. However, this added value is not
uniform across thresholds and is attenuated after adjust-
ment for clinical covariates, indicating context-dependent
utility. These findings support further investigation of volu-
metric PET metrics, particularly when integrated with
TBRmax using clinically relevant thresholds, to better define
their role in clinical decision-making for glioma patients.

Supplementary Material

Supplementary material is available online at Neuro-Oncology
Advances (https://academic.oup.com/noa).
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